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Phenomenology of Universal Extra Dimensions
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Abstract. In this proceedingthe phenomenologgf UniversalExtraDimensiongUED), in which

all the Standardviodel fields propagateis explored.We focuson modelswith oneuniversalextra

dimensioncompactifiedon an S; /Z, orbifold. We revisit calculationsof Kaluza-Klein(KK) dark

matterwithout an assumptiorof the KK massdegenerag including all possiblecoannihilations.
We thencontrasthe experimentakignature®f low enegy supersymmetrandUED.
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INTRODUCTION

Modelsof UED placeall Standardviodel particlesin the bulk of oneor morecompact-
ified extra dimensionsin the simplestandmostpopularversion,thereis a singleextra
dimensiorof sizeR, compactifiecbnan$S,; /Z; orbifold [1]. A peculiarfeatureof UED is
theconserationof Kaluza-Kleinnumberattreelevel, whichis a simpleconsequencef
momentumconseration alongthe extra dimension.However, bulk andbraneradiative
effects[2] breakKK numberdown to a discreteconsered quantity the so called KK
parity, (—1)", wheren is the KK level. KK parity ensureghatthelightestKK partners
(thoseat level one)arealwayspair-producedn collider experimentsjustlike in the R-
parity conservingsupersymmetrynodels.KK parity conserationalsoimpliesthatthe
contritutionsto variouslow-enegy obsenablesonly ariseatlooplevel andaresmall.As
aresult,the limits on the scaleR~! of the extra dimensionfrom precisionelectraveak
dataare ratherweak, constrainingR~! to be larger than approximately250 GeV. An
attractve featureof UED modelswith KK parity is the presenceof a stablemassve
particlewhich canbea cold darkmattercandidatd3, 4, 5, 6].

KALUZA-KLEIN DARK MATTER

Thefirst andonly comprehensie calculationof the UED relic densityto datewasper
formedin [3]. The authorsconsideredwo casesof LKP: the KK hyperchage gauge
bosonB; andthe KK neutrinovs. The caseof B; LKP is naturally obtainedin Mini-
mal UED (MUED) [7], wherethe radiatve correctionsto B; arethe smallestin size,
sincethey areonly dueto hyperchageinteractionsThe authorsof [3] alsorealizedthe
importanceof coannihilationprocessesind includedin their analysiscoannihilations
with the U (2)w-singletKK leptons,which in MUED arethe lightestamongthe re-
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FIGURE 1. (a)Relic densityof the LKP asa functionof R~ in the MUED model.(b) The changen
thecosmologicallypreferredvaluefor R-1 asaresultof varyingthedifferentKkK massesway from their
nominalMUED values.(c) The spin-independerdirectdetectionlimit from CDMS experimentfor y,

mainingn = 1 KK patrticles.Ilt wasthereforeexpectedthattheir coannihilationswill be
mostimportant.We completethe LKP relic densitycalculationof Ref. [3] and sum-
marizeour result.Fig. 1(a) shows the relic densityof the LKP asa functionof R~1 in
the Minimal UED model.The (red) line marked“a” is the resultfrom consideringy ya
annihilationonly, following the analysisof Ref. [3], assuminga degenerateKK mass
spectrumThe (blue)line marked“b” repeatshe sameanalysisbut usesT -dependent,
effectively masslesslegreesof freedomand includesthe relativistic correctionto the
b-termin the non-relatvistic velocity expansion.The (black) line marked “c” relaxes
theassumptiorof KK massdegenerag, andusesheactualMUED massspectrumThe
dottedline is theresultfrom thefull calculationin MUED, includingall coannihilation
processesyith the properchoiceof massesThegreenhorizontalbanddenoteghe pre-
ferredWMAP region for the relic density0.094 < Qcpwh? < 0.129. The cyanvertical
banddelineatesaluesof R~ disfavoredby precisiondata.

Fig. 1(b) shavs the changein the cosmologicallypreferredvaluefor R~! asaresult
of varyingthedifferentKK massesway from theirnominalMUED values Along each
line, the LKP relic densityis Q,h? = 0.1. To draw the lines, we first fix the MUED
spectrumandthenvary the correspondindKK massand plot the value of R~* which
IS requiredto give QXh2 = 0.1. We show variationsof the masse®f one (red dotted)
or three (red solid) generationsf U (2)w-singlet KK leptons;three generationsof
U (2)w-doubletleptons(magenta)threegeneration®f U (2)w-singletquarks(blue)
(the result for three generationsf U (2)w-doubletquarksis almostidentical); KK
gluons(cyan)andelectraveakKK gaugebosonggreen).Thecircleoneachine denotes
the MUED valuesof A andR2.

The spin-independentlirect detectionlimit from CDMS experimentis showvn in
fig. 1(c). We show the relic densityand spin-independemiirectdetectionlimit from

CDMS experimentin the planeof masssplitting Ag, = Aq, = i/l My ™ andLKP mass

for y» LKP. The red line accountsfor all of the dark matter(lOO%) andthe two red
dottedlines shov 10% and 1%, respectiely. The blue (green)line shaws the current
CDMS limit with Ge-detectofSi-detectorjandthethreecyanlinesrepresenprojected
SuperCDMSimits for eachphaseA (25kg), B (150kg) andC (1 ton) respectiely. In
the caseof y3 LKP, SuperCDMSulesout mostof parametespace The yellow region
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FIGURE 2. Spindeterminationsitthe LHC using(a) thedileptonmassand(b) theasymmetry

in thecaseof y; LKP shavs parametespacedhatcouldbecoveredby thecollidersearch
in 4¢ + Et channektthe LHC [7].

DISCRIMINATION OF SUSY AND UED

We seethatwhile R-parity conservingSUSYimpliesamissingenengy signal thereverse
is not true: a missing enegy signal would appearin any model with a dark matter
candidateandevenin modelswhich have nothingto do with the dark matterissue but
simply containnew neutralquasi-stablg@articles Similarly, theequalityof thecouplings
is a celebratedtest of SUSY. It is only a necessarybut not a sufficient condition
in proving supersymmetryWe are thereforeforced to concentrateon discrimination
betweenSUSY and UED. Therearetwo fundamentablistinctionsbetweenthem. Let
us begin with featurel: the numberof new particles.The KK particlesatn =1 are
analogoudo superpartners supersymmetry7]. The particlesat the higherKK levels
have no analoguesn N = 1 supersymmetrienodels.Discoveringthe n > 2 levels of
the KK tower would thereforeindicatethe presenceof extra dimensionsratherthan
SUSY HowevertheseKK particlescanbetoo heary to be obsened.Evenif they canbe
obsenedatthe LHC, they canbe confusedwith othernew particles[8, 9] suchasZ’ or
differenttypesof resonancefrom extra dimensiong10]. The discovery opportunities
for then = 2 level atthe LHC andthe Tevatronarediscussedn [9] (for linear collider
studiesof n =2 KK gaugebosonssee|[8, 11]).

Thesecondeature—thespinsof thenew particles— alsoprovidesatool for discrimi-
nationbetweerSUSYandUED. Recentlyit hasbeernsuggestethatachageasymmetry
in the lepton-jetinvariantmassdistributionsfrom a particularcascadeg¢anbe usedto
discriminateSUSY from the caseof purephasespacedecayq12] andis anindirectin-
dicationof thesuperparticlespins.It is thereforenaturalto askwhetherthis methodcan
be extendedo the caseof SUSY versusUED discrimination[8, 9, 13]. Following [12],
we concentraten the cascadelecayd — X — q¢*¢ — q¢+¢~ %2 in SUSY andthe
analogouslecaychainQ; — qZ; — qfiﬁf — ¢t~y in UED (seefig. 2(a)). Thein-
variantmassdistributionsfor SUSY/Phasepacecanbe written as gr’\?‘] = 2m, while for

UED it is 3N = % (fMm+r®) [13, 14]. The coeficientr in the secondterm
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of theUED dIStrIlzljtlon is deflnedzsr =z M= @%‘X is therescalednvariant

m,
massy = <m1;o> andz= mij) aretheratiosof themassesnvolvedin thedecayy
andz arelesstzhan 1 in the caseof on-shelldecay We seethatwhetheror notthe UED
distributionis thesameasthe SUSY distribution depend®nthe sizeof thecoeficientr
in the seconderm of the UED distribution. The UED distribution becomesxactly the
sameasthe SUSY distributionif r = 0.5. Thereforewe scanthe (y,z) parametespace,
calculatethe coeficientr andshow ourresultin fig. 2(a).In fig 2(a) contourdottedlines
representhesizeof the coeficientr. Theminimal UED caseis denotedby the bluedot
in the upperright cornersincey andz are almost1 dueto the massdegeneray. The
reddotsrepresenseveralsnovmasspoints:SPS1aSPS1bSPS5andSPS3from left to
right. The greenline representgauginounificationso all SUSY benchmarkpointsare
closeto this greenline. In fig. 2(b), we generatedlatasampledfrom SPSlaassuming
10fb~ ! andconstructedhe asymmetriesn SUSY andUED. We included10%jet en-
ergy resolution.Reddotsrepresentiatapoints,theredline is the SUSY fit to the data
pointsandthe blue lines arethe UED fits to the datapointsfor two different fg's. X2-
minimizedUED (SUSY)fits to dataareshavn in blue (red). For SUSY, x? is aroundl
aswe expect.We cangetbetter x? for UED from 9.1to 4.5 by increasingfy. It is still
too big to fit the experimentaldata.So our conclusionfor this studyis thata particular
pointlike SPS1lacannotbefakedthroughthe entireparametespaceof UED. However
we needto checkwhetherthis conclusionwill remainthe samewhenwe includethe
wrongjetswhich have nothingto do with this decaychain[14].
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